In this study, a stochastic diagnosis method based on the changing information of not only a linear correlation but also a higher-order nonlinear correlation is proposed in a form suitable for online signal processing in time domain by using a personal computer, especially in order to find minutely the mutual relationship between sound and vibration emitted from rotational machines. More specifically, a conditional probability hierarchically reflecting various types of correlation information is theoretically derived by introducing an expression on the multidimensional probability distribution in orthogonal expansion series form. The effectiveness of the proposed theory is experimentally confirmed by applying it to the observed data emitted from a rotational machine driven by an electric motor.
INTRODUCTION
Some studies on the diagnoses formany machines, for example, the estimation and prediction of presenceof crack in rotational machines without stopping the machines, have become important recently because of increased use of various complex industrial systems [1] [2] [3] [4] [5] [6] [7] [8] [9] . Most of these investigations have been carried out especially in a frequency domain by the use of signal information on sound or vibration wave emitted from the machines. These standard methods in a frequency domain are useful for the purpose of analyzing the failure of individual machine based on the mechanism from a bottom-up viewpoint. However, these methods require a lot of procedures and times on signal processing for measured sound or vibration data.
In the actual machine systems, simultaneous time series data on sound and vibration signals can be easily observed by the use of multichannel measurement instruments. The correlation statistics between the sound and vibration emitted from an identical machine contain important information on the driving condition of the machine. For the diagnosis of the fault without stopping the machine, it is necessary to consider various kinds of latent correlation information of not only the lower order but also the higher orders in order to investigate and evaluate precisely the mutual relationship between sound and vibration emitted from the machine.
The standard diagnoses in frequency domain seem to be inadequate for evaluating total effects on the compound of the mutual relationship between sound and vibration waves in complicated circumstances, such as the actual driving condition. In order to evaluate universally the mutual correlation characteristics and detect the failure of machines by the use of a simple procedure in the actual complex working environment, it is necessary to introduce some signal processing methods, especially in a time domain.
From the above viewpoints, in this theory, a diagnosis method based on a conditional probability reflecting the linear and nonlinear correlation information with lower and higher orders is proposed in order to grasp minutely and universally the mutual relationships between sound and vibration emitted from machines. More specifically, a conditional probability expression for multivariables is theoretically derived by introducing a multidimensional joint probability function in a series-type expression. First, in Section 2, based on the observation data of sound and vibration emitted from machines, an expansion series expression of the conditional probability distribution to evaluate the correlation relationship between the sound and vibration signals is theoretically derived. Next, in Section 3, by the use of the expansion expression of the conditional probability distribution derived in Section 2, a prediction method of the probability for a failure of machines is theoretically derived on the basis of the observation data in a sequential time series form of sound and vibration. The fundamental principle of the proposed diagnosis method is based on the detection of the changing information on various kinds of correlation characteristics between sound and vibration as much as possible. Finally, in Section 4, by applying the proposed methodology to the measurement data from a rotational machine driven by an electric motor, the effectiveness of theory is confirmed experimentally.
THEORY

Conditional probability expression of fault occurrence by considering correlation relationship between sound and vibration
Since there is a certain correlation relationship between sound and vibration emitted from an identical machine according to the driving condition of the machine, the diagnoses of the machine are possible by detecting the changing information of the correlation characteristics. First, let us introduce a random variable y with two exclusive values of 0 and 1 corresponding to normal situation without fault of machines and a failure situation with the fault. In order to evaluate quantitatively the complicated relationship between sound and vibration emitted from a machine, let us introduce an expansion expression of conditional probability considering not only the linear correlation but also the nonlinear correlation information among these variables. In order to derive a mathematical expression in a general form, two kinds of variables (i.e., sound and vibration) are expressed as x 1 and x 2 . In the case when paying attention to the variables x 1 , x 2 , and y, all the information on mutual correlations among x 1 , x 2 , and y is included in the conditional probability distribution P(y|x 1 , x 2 ). First, the joint probability distribution P(x 1 , x 2 , y) is expanded into an orthonormal polynomial series [10] on the basis of the fundamental probability distributions P 0 (x 1 ), P 0 (x 2 ), and P 0 (y), which can be artificially chosen as the probability distributions describing approximately the dominant parts of the actual fluctuation pattern as follows:
where · denotes the averaging operation with respect to therandom variables. Here, ϕ
m2 (x 2 ), and ϕ (3) n (y) are orthonormal polynomials with three weighting functions P 0 (x 1 ), P 0 (x 2 ), and P 0 (y), and must satisfy, respectively, the following orthonormal relationships:
Thus, the information on the various types of linear and nonlinear correlations among x 1 , x 2 , and y is reflected hierarchically in each expansion coefficient A m1m2n .
Next, from (1), the following expression can be obtained:
Thus, by using (1) and (4), the conditional probability distribution function containing all the information on the regression relationship can be derived under theemployment of the well-known Bayes' theorem [11] as follows:
As the fundamental probability density functions P 0 (x 1 ) and P 0 (x 2 ) in the first terms of the expansion series expression of (1) , the well-known Gaussiandistribution is adopted because this probability density function is the most standard one:
with
Furthermore, as the fundamental probability function P 0 (y) on the level-quantized random variable y, the binomial distribution can be chosen [12] 
Thus, from (3), the orthonormal functions can be determined as
where H m (•) is the Hermite polynomial with nth order [13] . By substituting (8)- (10) into (2) and (5), the conditional probability distribution function P(y|x 1 , x 2 ) can be obtained in the concrete form. It may be natural to impose a condition A 001 = 0 upon the expansion coefficient in (2) in order to get an appropriate explanation for the dominant part of the probability distribution only by the first term. Thus, the unknown parameter p can be explicitly determined by the use of mean value of the variable y as
Furthermore, four parameters μ x1 , μ x2 , σ 2 x1 , and σ 2 x2 in (6) can be determined as (7), by considering the following conditions on expansion coefficients
In the probability distribution expression of infinite series type, by adopting the probability distribution function describing the dominant parts of the phenomena as the fundamental probability distribution, it is enough to consider only a few expansion terms in order to express the whole fluctuation form. In order to roughly express the whole shape of the probability distribution function, it is fundamentally important to first catch the statistical information on two lower-order moments like mean and variance. 
Prediction of fault probability based on the observation of sound and vibration
Based on the conditional probability distribution P(y|x 1 , x 2 ), the probability P(y) expressing the occurrence or nonoccurrence of a fault can be predicted on the basis of the observation data on sound x 1 and vibration x 2 as follows: Thus, by the use of (5), P(y) can be expressed concretely as
.
EXPERIMENT
The proposed method is applied to detect the fault of a rotational machine by observing simultaneously the sound and vibration waves emitted from the machine. The scatted diagram between the sound and vibration in two cases before H. Masuike and A. Ikuta and after occurrence of the fault in the machine is shown in Figures 1 and 2 , respectively. It is obvious that the correlation relationship between the sound and vibration in the case of failure situation occurring of the fault changes from the correlation characteristic before the occurrence of the fault. Therefore, by detecting the changing information of the correlation characteristic between the sound and vibration, it is possible to predict the fault of the machine in principle. (The sensitivity for the fault detection of the proposed method is discussed in the appendix.)
The signal processing for the observed data by the use of the proposed diagnosis method in Sections 2 and 3 is summarized as follows.
(i) Time series data of sound and vibration waves including two cases of occurrence and nonoccurrence of a fault are simultaneously measured.
(ii) The expansion coefficients A m1m2n in (2) are evaluated by averaging the observed data, concretely, by the use of the relationship
where the expansion coefficients are experimentally estimated. In (17), S is a large number of the observed total data, the subscript i of x 1 and x 2 denotes the ith sampled data in time series, and y i is 0 or 1 corresponding to the normal situation without the fault or a failure situation with the fault. Parameters μ x1 , σ 2 x1 , μ x2 , σ 2 x2 in (7) and p in (12) are estimated by averaging the observed data as
(iii) The conditional probability containing the whole information on the regression relationship is concretely evaluated by the use of (5) and the expansion coefficients A m1m2n estimated in (ii).
(iv) In order to predict the probability of the fault occurrence based on the two variables x 1 and x 2 (i.e., sound and vibration waves), different kinds of data on x 1 and x 2 from those employed in the evaluation of A m1m2n are observed.
(v) By using (16) and using newly observed these data of x 1 and x 2 for the prediction of P(y), the expansion coefficients B n can be evaluated as
where T is the number of data observed for the prediction and the subscript i denotes the ith sampled data in time series.
(vi) Thus, by the use of (15), the probability P(y) of the fault occurrence can be predicted.
The aboveprocedure from (iv) to (vi) based on time series data can be carried out easily in online signal processing formby using a personal computer.
The RMS values of the sound pressure level (dB) and the acceleration amplitude (m/s 2 ) emitted from a rotational machine driven by an electric motor are simultaneously measured. The RMS values of the acceleration amplitude are obtained by composing three axis values. More specifically, two kinds of time series datasets (i.e., Dataset 1 and Dataset 2) of sound and vibration in two different time intervals are measured with a sampling interval of 0.1 second, in two cases of a fault occurrence and nonoccurrence, successively. As an example of faults, the existence of a scratch in a cogwheel is considered as a trial. By adopting the 2000 data points of Dataset 1 which contain both cases of the fault occurrence and nonoccurrence as the learning data, the expansion coefficients are first evaluated by the use of (17) with m 1 ≤ 3, m 2 ≤ 3, n ≤ 2, and S = 2000. Next, after dividing each dataset into 20 subdatasets which consist of 500 data points with 400 overlapping data points, the probability of the fault occurrence P(y) is predicted by the use of (15) and (19) with m 1 ≤ 3, m 2 ≤ 3, and T = 500 based on the 500-sampled data in each subdataset. The relationship between each dataset and subdatasets is illustrated in Figure 3 . The experimental setup and the signal processing procedures for Datasets 1 and 2 are illustrated in Figures 4 and 5 .
The predicted results of the probabilities of y = 0 corresponding to the normal situation without the fault and y = 1 corresponding to the failure situation with the fault are shown in Table 1 for Dataset 1 and in Table 2 for Dataset 2, respectively. From these results, it is obvious that the fault probability shows clearly large values after the subdatasets in the failure situation are used in order to predict the probability P(y) because the correlation characteristics between sound and vibration are changed after the occurrence of the failure.
CONCLUSION
In this paper, in order to predict minutely and universally the fault probability based on the mutual relationship between sound and vibration emitted from rotational machine, a method to estimate the correlation information especially in the time domain has been proposed in the form suitable for online signal processing by employing a personal computer. Our proposed method has utilized not only the linear correlation of lower order but also the nonlinear correlation information of higher order between variables. The validity and effectiveness of the proposed method have been confirmed experimentally by applying it to the observation data emitted from a rotational machine.
The proposed method can evaluate numerically the occurrence of a fault as probability. If the fault probability predicted by using (15) and (16) shows larger value, it can be considered that the possibility of the occurrence of fault becomes higher. In this situation, it is necessary to check carefully whether the fault actually occurs or not by stopping the machine. The proposed method has an advantage to evaluate numerically the occurrence of fault in online signal processing form. Furthermore, the fault detection with high reliability can be achieved because the proposed method utilizes total information on sound and vibration.
The proposed approach is obviously quite different from the ordinary approach, and it is still at the early stage of study. Thus, there are a number of problems to be addressed in the future, building on the resultsof the basic study in the paper. Some of the problems are given in the following.
(1) In order to estimate more accurately the occurrence of failures, it is essential to more accurately estimate the conditional probability distribution P(y|x 1 , x 2 ) given by the expansion expression in (5) . From the theoretical viewpoint, the conditional probability distribution can be expressed with higher precision, by employing many expansion coefficients A m1m2n of higher order. From the practical viewpoint, however, the reliability of the conditional probability distribution in the proposed expression tends to be lacking especially for the higher-order correlation information because only a finite numberof data can be observed in practice. It is thus a problem as how the optimal number of terms in the above expansion expression should be determined according to the statistical property of the phenomenon and the available number of data.
(2) The proposed method should be applied to actual diagnoses for other kinds of failures of machines, and the proposed theory should be extended to more realistic situation with many kinds of faults in the machine.
(3) The proposed theory should be further improved to fit the actual situations in the presence of external and internal noises.
APPENDIX SENSITIVITY FOR THE FAULT DETECTION
From (1), the joint probability density functions of x 1 and x 2 is obtained as follows: The expansion coefficients A m1m2n are defined by (2) . Then, the conditional probability density function can be given by
The probability density function of x 1 can be predicted on the basis of the observed data of x 2 as follows: (A.
3)
The probability density function in orthogonal expansion series has theoretically convergent property by considering expansion terms with higher orders. Therefore, after evaluating in advance the expansion coefficients A m1m20 by the use of the measured data on sound and vibration in normal situation without fault, by using (A.3), the prediction of P(x 1 ) can be obtained form themeasured data of x 2 in the normal situation as shown in Figure 6 . On the other hand, by using the measured data x 2 in a failure situation with the fault, the predicted probability density function P(x 1 ) shows the tendency to diverge, as shown in Figure 7 . Therefore, by introducing an indicator expressing the difference between two probability density functions shown in Figures 6 and 7 , it is possible to evaluate quantitatively the occurrence of the fault. It remains to continue as one of future works.
